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Abstract 

,A droplet position sensing scheme has been proposed, which gives a direct voltage output linearly proportional 
to droplet position in electrowetting-on-dielectric (EWOD) based devices. This scheme doesn't require any extra 
electronic circuitry or external optical sensors. In addition, it is also compatible for multiple droplet position detection 
simultaneously, and provides a better isolation between actuation and sensing line. An extra dielectric and metal layers 
are required in the bottom substrate for physical realization of the scheme. Two equal capacitors of fixed value are 
formed due to the extra dielectric and metal layers. These capacitors facilitate direct voltage output proportional 
to droplet position during transport. Actuation force and sensing output voltage in the proposed scheme have been 
analyzed analytically using an energy-based model. Results show that the additional dielectric and metal layer in the 
bottom substrate does not significantly change the driving electrostatic force profile. This makes the proposed scheme 
compatible for digital microfluidic operations. 

Keywords: Electrowetting on dielectric (EWOD), digital microfluidics, position detection, automatic integrated 
sensing, capacitance measurement, feedback volume control. 
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Electrowetting-on-dielectric (EWOD) based droplet mi- 
crofluidics (or digital microfluidics) is a new and emerging 
trend in microelectrofluidic systems (MEFS) and micro- 
total analysis systems (/xTAS) [1]. It involves manipula- 
tion of discrete fluid micropackets of controlled volume and 
composition, in micro and nano channels [1-2]. Multiple 
droplets are used which act as microreactors in /iTAS. Sev- 
eral experiments can be performed on a single chip surface 
by modifying the control software [3-4] . 

EWOD based devices require extremely small fluid vol- 
ume, consume low power and give fast switching response. 
It is free from heat generation, has lower viscous losses, 
provides high wear resistance and is a low cost device [3-5] . 
In addition, this doesn't require a closed channel network, 
valves and external pressure pumps. Thus offering advan- 
tages such as simpler configuration and higher degree of 
freedom in fluid motion. EWOD actuators can move, split, 
mix, and dispense droplets from on-chip reservoirs [6-7]. 
These devices are highly scalable and reconfigurable, and 
capable of performing high throughput analysis with effi- 
cient control. Their reconfigurability reduces cost, weight 
and analysis time [1]. 

Typical applications of EWOD include liquid displays, 
liquid lenses, optical switches, electrical switches and lab- 
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on-chip devices [6-20]. A comprehensive review of EWOD 
based devices can be found in [6-11]. 

EWOD micro-systems with no position feedback have 
been developed mostly in the last decade [6-7]. The pulse 
frequency in these devices are determined experimentally 
by calculating average droplet transit time. Average tran- 
sit time is dependent on droplet liquid properties, hy- 
drophobic surface condition, electrode pitch length, gap 
between two consecutive electrodes and gasket spacing be- 
tween top and bottom hydrophobic layers [6-7]. In addi- 
tion, it also depends on the amplitude of voltage pulse, 
materials used for dielectric and hydrophobic layers, and 
their thicknesses [11]. So an extra time gap has to be de- 
liberately introduced, between two consecutive electrode 
actuation, in order to ensure complete droplet transfer. 
This limits the pulse frequency and hence droplet speed in 
the system. 

For proper functioning, synchronization is required be- 
tween droplet position and electrode actuation [6-7]. Ide- 
ally, each application of driving potential should cause 
a targeted droplet to move onto an energized electrode 
[11]. However, sometimes a resistance to droplet move- 
ment is observed in real systems (particularly in those not 
submerged in oil). A likely cause for this phenomenon 
is droplet stiction on surface heterogeneities, such as 
scratches, dust, or reagents that have adsorbed onto the 
surface from other droplets [19]. The droplet looses its 
predefined track due to unwanted resistance in movement. 
Since pulsing of electrode is controlled by microcontroller 
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without droplet position feedback, it keep on pulsing the 
next electrodes. Hence a complete loss of synchronization 
may occur between droplet position and actuation elec- 
trode. This poses a big challenge to device designers. 

Accuracy of assays in /iTAS is largely determined by 
the droplet volume control of the reagent dosing [6-7]. 
Droplets are dispensed from on-chip reservoirs by sequen- 
tial droplet pinch off. However, it is a difficult task to 
achieve a synchronization during sequential droplet pinch 
off without feedback control strategy [14]. 

These problems can be solved by introducing a position 
feedback control scheme [14-19]. However, this requires 
integration of miniaturized position sensors with EWOD 
fluidic chips [21-24]. Capacitive sensors provide a partic- 
ularly attractive option since the method of detection is 
non-intrusive, highly sensitive and suitable for electrically 
conducting or insulating liquids. Verheijena et. al. [12] 
used capacitance measurement for detecting the contact 
angle and wetting velocity in an electrowetting configura- 
tion in 1999. Pollack et. al. [13] also used capacitance 
measurement to detect droplet position in the same year. 

Ren et. al. [14] controlled an external mechanical pump 
by measuring built-in capacitance of an electrowetting de- 
vice in a ring oscillator circuit to meter the droplet volume 
during dispensing in 2004. Gong et. al. [15] used a similar 
circuit for sensing with a proportional-integral-derivative 
(PID) control algorithm without using any external me- 
chanical pump to provide more precision in droplet dis- 
pensing in 2009. However, these require a sophisticated 
high-frequency electronic circuit that limit its use in low 
cost applications [19]. 

Srinivasan et. al. [16] and Luan et. al. [17] used an inte- 
grated optical sensor (LED and photodetector) for droplet 
position sensing in 2004 and 2008 respectively. But this 
increases complexity in the device fabrication. Shin et. 
al. [18] demonstrated a LABVIEW based machine vision 
mechanism for real-time droplet volume measurement and 
automatic control of droplet motion in 2010. However, it 
requires high precision imaging and switching equipment. 

Shih et. al. [19] developed a true/false detection sys- 
tem by a passive circuit comprising of two resistors and 
a capacitor in 2010. This approach has potential of prac- 
tical implementation but requires a calibrated threshold 
value. This depends on the droplet electrical properties 
and can change due to chemical reaction during mixing 
of different samples. In addition, it also fails to capture 
droplet dynamic position information. Sadeghi et. el. [20] 
used a single resistor in series with top ground electrode 
to measure the droplet volume and composition in 2012. 
But this method too is dependent on electrical properties 
of the liquids. 

Schertzer et. al. [21-22] measured electrical properties 
to detect the composition of water-methanol droplets in 
EWOD devices in 2010. Murran et. al. [23] proposed 
a estimator that tracks the continuous displacement of a 
droplet between electrodes in 2012. The estimator uses 
a dimensionless ratio of two electrode capacitances to ap- 



proximate the position of a droplet. Bhattacharjee et. al. 
[24] used total capacitance between the two adjacent con- 
trol electrodes for droplet position sensing in 2012. But 
they all used an expensive commercial capacitance meter 
to make measurements. 

Moreover, simultaneous actuation of control electrode 
for droplet transport and measuring capacitance for posi- 
tion detection is not facilitated by most of the techniques 
found in literature because of interference between actua- 
tion line and sensing line [21-24]. Those techniques provid- 
ing isolation are not compatible with multiple droplet po- 
sition detection simultaneously [14-15, 19-20]. And those 
capable for multiple droplet position detection and provide 
isolation uses optical sensor [16-18]. 

In this work, a droplet position detection scheme has 
been proposed which doesn't require any extra electronic 
circuitry or external optical sensors. This scheme provides 
a direct voltage output having almost linear relation with 
droplet position, if proper system parameter values are 
chosen. The proposed scheme isolates the actuation and 
sensing line and is compatible for multiple droplet position 
detection. This scheme can be implemented physically by 
introducing an extra dielectric and metal layer in the bot- 
tom substrate compare to traditional set-up reported in 
literature [6-11]. 

A typical covered two plate EWOD system has been dis- 
cussed in section 2 while the proposed scheme for droplet 
position detection has been discussed in section 3. The 
mathematical modelling for EWOD actuation force and 
output voltage in the proposed scheme has been presented 
in section 4. Results have been presented and discussed in 
section 5 while conclusion has been provided in section 6. 

2. EWOD microsystems 

A classical covered two plate EWOD system for droplet 
movement has been shown in Fig. [1] This consists of two 
electrode plates separated by a fixed space sandwiching the 
droplet. Bottom substrate consists of patterned control 
electrodes for independent addressing of each droplet pad 
while top substrate consists of a single, flat, continuous 
electrode connected to ground potential [6-7]. 

The bottom electrodes are generally in square or rectan- 
gular shape with electrode pitch length kept traditionally 
less than the droplet diameter for the droplet to overlap 
more than one electrode. Both, top and bottom electrodes 
are coated with thin film of dielectric and hydrophobic 
material. Thin film of dielectric layer avoids hydrolysis of 
droplet while hydrophobic thin film ensures larger changes 
in contact angle upon application of the electric field. 
The droplet is typically surrounded by a (non-evaporating) 
filler fluid such as silicone oil in order to minimize droplet 
evaporation [11]. 

When a voltage higher than the threshold voltage (called 
actuation voltage) is applied to the right control electrode 
keeping the top and left control electrodes at ground po- 
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Figure 1: Side view of a traditional EWOD device. Control unit 
switches between supply line and ground line to the control elec- 
trodes through control signal for droplet transport. When a voltage 
pulse is applied to the right control electrode, left control electrode 
would be switched to the ground line. Here, (k a , t a ) and (kf,, t),) are 
dielectric constant and thickness of the hydrophobic and insulation 
layers respectively. Ci, C2 and C3 are series equivalent capacitance 
due to hydrophobic layer (subscripted a) and insulation layer (sub- 
scripted b) on right actuated control electrode (subscripted 1), left 
grounded control electrode (subscripted 2) and top grounded elec- 
trode (subscripted 3) respectively. 
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Figure 2: Top view of a droplet undergoing transition by traditional 
EWOD technique. Here, A\{x) and Ai(x) are droplet overlap area 
on right actuated control electrode (subscripted 1) and left grounded 
control electrode (subscripted 2) on bottom substrate respectively, 
that changes with droplet position x during transport. 



during voltage pulsing and are responsible for alteration of 
the solid-liquid interface energy. The capacitance of these 
capacitors varies as droplet position x changes (see Fig. 1 
and 2). 



tential, the droplet moves toward the energized right con- 
trol electrode due to reduction of dielectric (solid)-liquid 
intcrfacial tension (see Fig. 1). The energy gradient is 
thus the driving force behind EW-induced motion. Hence, 
these systems can be analyzed from energy-minimization 
approach for calculating actuation force acting on the 
droplet during transition from ground electrode to the ac- 
tuated electrode [25-33]. 

The droplet reaches at the center of the energized elec- 
trode in order to minimize the surface energy. Fig. [5] 
shows the top view of a typical covered two plate EWOD 
device during droplet transport. By applying a series of 
voltage pulses, on subsequent neighboring discrete elec- 
trodes, the droplet can be moved continually. Other ac- 
tuation schemes such as leaving either the top or left con- 
trol electrodes electrically floating may also employed for 
droplet actuation. Similarly, other device designs have also 
been developed for fabrication, broadly categorized in ei- 
ther open or covered systems. But because of different 
voltage distribution across the three phase contact line (or 
triple line), actuation force acting on the droplet differs 
for each scheme. Here it is important to mention that, 
droplet dispensing, motion, and splitting are easier in cov- 
ered EWOD systems, while mixing and evaporation are 
easier in open configuration [6-7, 11, 25-31]. 

The hydrophobic and dielectric layer on both top and 
bottom substrates with conducting liquid droplet in be- 
tween them, leads to formation of several capacitors (see 
Fig. [1]) during transport. These capacitors store charges 




Figure 3: Capacitive network for the estimation of voltages across 
the dielectric layers corresponding to Fig. 1. Here, Vi(x), V^(x) and, 
V%{x), are voltage drop across series equivalent capacitors C'i(x), 
C2{x) and Cs(x) (shown in box) due to hydrophobic layer (sub- 
scripted a) and insulation layer (subscripted b) on right actuated con- 
trol electrode (subscripted 1), left grounded control electrode (sub- 
scripted 2) and top grounded electrode (subscripted 3) respectively. 
Network components and voltage drop across them vary with droplet 
position x. 
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Fig. [3] shows electrical equivalent circuit for the estima- 
tion of voltage drop across the hydrophobic and dielectric 
layers of the scheme of Fig. 1 [25-28]. It mainly consist of 
three capacitors, C\(x), 62(2:) and C${x) formed in three 
different region during transport as shown in Fig. [TJ These 
capacitors have been considered to be parallel plate type 
without taking into account of the fringing effect. Each 
capacitor consists of two capacitors in series, one is due to 
hydrophobic layer (C a ) while other due to dielectric layer 
(Cb). The voltage drop Vi (x), Vi[x) and V^{x) as shown 
in Fig. El are across C\(x), 62(2) and C${x) capacitors re- 
spectively. The subscript 1 and 2 represent actuated and 
unactuated electrode region in the bottom substrate while 
3 represents top grounded electrode region. Similarly, sub- 
script a and b represent hydrophobic layer and dielectric 
layer respectively. 

3. Proposed position sensing scheme 

The proposed scheme in addition to traditional three 
capacitors (Fig. [3]), consists of two additional fixed value 
capacitors C% c and Ci c of equal capacitance (C c ) in series 
with C\{x) and C%(x) respectively and shown in Fig. [5] 
The presence of C c in the network provides direct electrical 
output terminal Vo (x) proportional to the droplet position 
x during transition (see Fig. H]and[5]). 



-> Dielectric layer Hydrophobic layer <- 





Substrate 




|— > Top ground electrode 






c 3 












Figure 4: Side view of the proposed EWOD based device. Con- 
trol unit switches between supply line and information signal to the 
control electrodes through control signal for droplet transport and 
position sensing. When a voltage pulse (supply line) is applied to 
the right control electrode, left control electrode would be switched 
to the information signal line to sense the droplet position. Ground 
line is always connected to the top and bottom electrodes. 



This scheme can be implemented physically by intro- 
ducing an extra dielectric and metal layer in the bottom 
substrate to the traditional set-up. Hence, this scheme al- 
together consist of two metal layers, two dielectric layers 



and one hydrophobic layer in the bottom substrate while 
top substrate consist of one metal, one dielectric and one 
hydrophobic layer. Out of the two metal layers in bottom 
substrate, the first layer from the bottom is a flat thin film 
while the second is patterned to form coplanar electrodes 
for discrete droplet motion. Side view of the proposed 
scheme has been shown in Fig. [4j 

The first dielectric and metal layer in the bottom sub- 
strate form two additional capacitors C\ c and Ci c with 
equal capacitance value (C c ). Subscript c with C has been 
used to represent capacitance due to first dielectric and 
metal layers in the bottom substrate. Its value remain 
fixed to ^-f — (see Eq. 4) and independent of droplet 
leading edge x (see Fig. 4). The actuation scheme is al- 
tered in the sense that 62(2;) is grounded through Cic- 
The modified electrical equivalent circuit is shown in Fig. 
[3] The role of Ci(x), Ci{x) and 63(2) in the modified 
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Figure 5: Modified capacitive network of the proposed position sens- 
ing. Two fixed capacitors of equal value (C\ c =C2c=C c ) are formed 
due to introduction of an extra flat sensing dielectric (subscripted 
c) and metal layers. Vo(x) is the voltage drop across capacitor C2 C 
which varies in proportional to droplet position x. Other network 
components and voltage drop across them also (explained in Fig. 3) 
varies with droplet position, x. 



network will remain same as discussed in section 4. Here 
it is important to note that C\ c connected to C\(x) has no 
effect in rest part of the circuit because loop current flow 
only in the inner loop (see Fig. [5]). 

In this scheme, the top and bottom metal layers are al- 
ways connected to ground potential. The droplet is moved 
to right side by actuating right control electrode (see Fig. 
4) , while the potential of the left control electrode is mon- 
itored to detect the droplet position. The amplitude and 



4 



time period of the voltage pulse should be greater than 
threshold voltage and transit time of the droplet under mo- 
tion. Similarly, left side droplet movement can be obtained 
by actuating left control electrode, while right control elec- 
trode is monitored for position sensing. Left control elec- 
trode is acting as sensing electrode during right side move- 
ment while during left side movement, sensing electrode is 
right control electrode. Thus, in order to sense the droplet 
position, potential at the control electrode (upon which 
droplet rests initially) is required to measure. Sensing 
electrode and sensing layer term have been used in fur- 
ther discussion to represent control electrode upon which 
droplet initially rests and insulation layer responsible for 
C\ c = C 2c = C c respectively. The potential at the sens- 
ing electrode varies almost linearly (discussed in section 5) 
with the droplet position during transportation which can 
be used to detect droplet during fiuidic operations. 

It can be seen in Fig. 4, that the supply line is better 
isolated to sensing line (means separate electrode for actu- 
ation and sensing) making it less prone to noise signals. In 
addition, only one sensing layer is required in large EWOD 
devices (consist of large control electrodes) to detect sev- 
eral droplet operation on the same fiuidic chip. Detection 
of one droplet operation is not interfered with other droplet 
operation in the same fiuidic chip, making the scheme com- 
patible for multiple droplet operation. This also reduces 
the overall cost for sensing network require to monitor each 
every operation in a complex Lab-on-a-Chip systems. 

Therefore, the proposed scheme gives droplet position 
information without any extra electronic circuitry or ex- 
ternal optical sensor. Moreover it doesn't require an ex- 
pensive commercial capacitance meter to make measure- 
ment. The voltage at the sensing electrode can be directly 
calibrated to display droplet position or can be feedback 
to a control scheme. 



4. Mathematical modelling 

In EWOD based microsystems, the droplet minimizes 
its surface energy by transiting to the actuated electrode. 
The energy gradient is thus the driving force behind EW- 
induced motion. Hence, these systems can be analyzed 
from energy-minimization approach for calculating actu- 
ation force acting on the droplet during transition from 
ground electrode to the actuated electrode. In this work, 
an analytical energy-based model proposed by Bahadur et. 
al. [25-28] has been used to predict EWOD actuation force 
on a droplet in the proposed scheme. 

The droplet is assumed to be circular in shape due to 
symmetry in stationary condition and move as a rigid 
body maintaining its circular shape during the transition. 
A droplet in transition could have a distorted ellipse-like 
shape due to contact-angle hysteresis [26-27]. The droplet 
is assumed to be perfectly conducting so that there is no 
voltage drop across the droplet. The total droplet energy 



E at no actuation condition is given in Eq. [TJ 
E = 7° SL x M + ~f° SL x A 2 

+ 1°SL X ^3 + ll A X A side (1) 

Where, 7g L : solid-liquid interfacial energy at OV, 7° A : 
liquid-air interfacial energy at OV, A\\ overlapping area 
between droplet and bottom electrode on which it has to 
move, A 2 : overlapping area between droplet and bottom 
electrode on which it is sitting, A%: overlapping area be- 
tween droplet and top electrode and Aside- cylindrical side 
around the droplet. The following parameters 75^, 7°^, 
Ai, A 2 , A 3 and A sic t e remain constant during no actua- 
tion condition and hence the total energy of the droplet 
remains unchanged and no force acts on the droplet. So, 
no visible droplet motion is observed. 

When a voltage V is applied to the right control elec- 
trode, the voltage drop across the hydrophobic, insulation 
and sensing layers causes the reduction of the 7<j L accord- 
ing to Lippmann equation (Eq. [5]), while the 7°^ and 
7sa (solid-air interface energy at 0^) remain unchanged 
[6, 25]. 



cv 2 



(2) 



Here C and V are capacitance per unit area Fj m 2 and po- 
tential difference (P.d.) across sandwiched dielectric layers 
respectively while 7^ L is solid-liquid interfacial energy at 
V potential. 

The decrease in 7<j L as predicted by Lippmann equation 
induces droplet motion toward the actuating electrode. 
This leads to a change in A\ and A 2 with change in x 
while A^ remains fixed to value nr 2 ( r is droplet radius). 
The overlapping areas Ai(x) and A 2 (x) for a droplet main- 
taining a circular shape during transition are given in Eq. 
E] [25, 27]: 



Ai (x) — r 2 cos 1 (1 — x/r) + (x — r) \jr 2 — (x — r) 2 
A 2 {x) = nr 2 - ai(x); A 3 = nr 2 (3) 

The change in A\(x) and A 2 (x) with change in x from 
to L (electrode length = 2r) leads to change in capac- 
itances (Ci(x) and C 2 {x), see Fig. 4) formed due to hy- 
drophobic and insulation layers. The values of C\(x) and 
C 2 (x) with change in x can be expressed as provided in 
Eq. 4: 
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Where, eo is vacuum permittivity (8.854 x 10 _12 F/m) 
while, (t a , k a ), (tft, kf,) and (t c , k c ) are thickness and rel- 
ative permittivity of hydrophobic, insulation and sensing 
layers respectively. C 3 capacitor is formed between droplet 
and top ground electrode while C c is the extra capaci- 
tor formed due to sensing layer (Fig. 4 and 5). Both of 
which are fixed valued and does not change with x. The 
series equivalent capacitance due to hydrophobic, dielec- 
tric and insulation layers (in typical EW experiments) is 
much smaller than the double-layer capacitance formed at 
the solid-liquid interface. Consequently, the entire voltage 
drop occurs across the hydrophobic, dielectric and insula- 
tion layers [6-7, 11, 25-30]. 

The potential differences (P.d.) across these capacitors 
Vi s (x), V 2s (x) and V 3s (x) assuming no voltage drop across 
the droplet can be obtained from network analysis of the 
equivalent circuit shown in Fig. [5] and is given in Eq. 
5. The numerical value of Vq(x) gives the information 
about droplet position. Here subscript s has been used to 
represent sensing scheme. 



V ls (x) = V 
V 2s {x) = V 
V 3s {x) = V 
V (x) = V 



C 2 (x)C 3 +C 2 {x)C c + C 3 C c 
ip(x) 

Ci(a;)C e 
ip(x) 

C 1 (x){C 2 (x) + C c } 

tp(x) 
Ci{x)C 2 {x) 
ip(x) 



(5) 



Where, ^(x) = d(x)C 2 (x) + C 3 {C 2 (x) + 2C C } 

Therefore, on applying voltage pulse V to adjacent elec- 
trode for droplet transport, the total droplet energy E(x) 
in the proposed EWOD scheme is given in Eq. 6: 



E s {x) 



Tsl o \ A n x ) 



(0) 



Jo C 2 (x)C c {V 2s (x) + V (x)y 

+ \ 1SL C 2 (x) + C c ) MX) 

= E ls (x) +E 2s (x) +E 3s (x) 

Here, A S id e (cylindrical side around the droplet) has been 
assumed to remain constant during the transition. 

The negative derivative of the total droplet energy E(x) 
with respect to droplet position x, gives the electrostatic 
actuation force F s (x) as given in Eq. 7: 



F s (x) = - 



dE s {x) 



dEi s {x) dE 2s (x) dE 3s (x) 



dx \ dx 

F ls {x) + F 2s {x) + F 3s {x) 



dx 



dx 
(7) 



Reduction of solid-liquid interfacial energy on appli- 
cation of actuating voltage V leads to actuation force 



F s (x) acting on droplet during transport. Resultant force 
F s (x) consist of of three components: Fi s (x), F 2s (x) and 
F 3s (x); each originates due to change in both capaci- 
tance and voltage of {C\(x), Vi s (x)}, {C 2 (x), V 2s (x)} and 
{C 3 (x),V 3s (x)} respectively. Results obtained from this 
model are identical to purely electromechanical model [25- 
28]. 

It is important to note, that the actuation force F w (x) in 
traditional covered set-up (Fig. 1 and 3) can be calculated 
(Eq. 8) by modifying Eq. 5 and 6. Here, subscript w has 
been used to represent traditional covered set-up. 
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For better insight in Vo(x) (see Eq. 5, which gives 
droplet position information in the proposed scheme), val- 
ues of C%(x), C 2 {x) from Eq. 4 been substituted in Eq. 5 
to get the simplified expression of Eq. 9. 



V (x) = 
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5. Result and Discussion 

Actuation force F(x) and droplet position sensing out- 
put voltage Vq{x) have been simulated during droplet 
transport by using Eq. 7 and 9 respectively. To get high 
actuation force, {s\ + s 2 ) should be very low (see Eq. 4-7); 
while for linear relation between Vq(x) and droplet posi- 
tion x, S3 should be high (see Eq. 9-10). So, values of 
(ta, k a ), (tb, kb) and (t c , k c ) have been chosen accord- 
ingly. Table 1 outlines the values of system parameters 
used in simulation. A 20 nm thin film of Teflon AF 1600 
having permittivity of 2.0 has been chosen for hydropho- 
bic layer while a 70 nm thin film of Barium Strontium 
Titanate (BST) having permittivity of 180 has been cho- 
sen for insulation layer. An insulating layer is required 
to deposit on a metal film (e.g. silver or gold), coated 
on silicon or quartz substrate to form two fixed extra ca- 
pacitors jCic = C*2c = C c = ^^-j of equal value (see Fig. 
4) for sensing scheme. In addition, on top of it again a 
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Tabic 1: Parameters used for actuation force simulation 



Parameter 


Value 


Unit 


Droplet radius r 


1 


mm 


Pitch (electrode) length L 


2 


mm 


Dielectric constant of hydrophobic 






layer k a (Teflon AF 1600) 


2.0 


- 


Dielectric constant of insulation 






layer k b (EST) 


180 




Dielectric constant of insulation 






layer k c (S1O2) 


3.8 




Thickness of hydrophobic layer t a 


20 


nm 


Thickness of insulation layer t b 


70 


nm 


Thickness of insulation layer t c 


1 


fim 


Actuation voltage (V) 


50 


V 



1400 




0.5 
Droplet position 'x 



1 1.5 2 

in milimeter (mm) during transport 



Figure 6: Droplet actuation force and its component during tran- 
sition in the proposed scheme for droplet position sensing. Here, 
F s (x) is resultant actuation force while i*i s (x), F2 s {x) and i 7 3 3 (x) 
are component forces originating due to capacitors C\(x), C2(x) and 
Cz(x) (see Fig. 3) respectively. Subscript 's' represents for sensing 
scheme. 



metal layer is required to deposit as discussed in section 
3. Therefore an obvious choice is to go for either S1O2 
(k = 3.8) or 5i3-/V4 (k = 7.8), generally used in microfab- 
rication technology. S1O2 has been chosen because of its 
lower dielectric constant than S13N4. So, a 1 [im thin film 
of SiOi has been considered for forming two extra capac- 
itor of equal value (C c ). These parameter values are typi- 
cal of those used for the experimental analysis of EWOD 
droplet movement as found in literature [34]. 

Fig. [6] shows profile of resultant actuation force F s (x) 
and its components i 7 i s (x), F2 S (x) and F^ s (x) in the pro- 
posed scheme for facilitating position sensing. It can 
be seen that the resultant force F s (x) is always positive 
throughout the range of x, which ensures complete trans- 
port of the droplet to the actuated electrode. Force com- 
ponents F\ s (x) and F^, s (x) contribute primarily in F s (x). 
F\ s (x) provide positive force in the direction of motion for 
x < 0.825L, while F3 S (x) provide positive force through- 



out the range of x. Contribution of F2 S (x) is negligible. It 
is important to note that unlike Fu (x) and F 3s (x) , F 2s (x) 
turns to negative for x > 0.55L shown in small window in 
Fig. 6. But because of its very small magnitude compared 
to Fi s (x) and F 3s (x), the effect is insignificant. 
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Figure 7: Comparison of droplet actuation force in the proposed 
droplet position sensing scheme and traditional set-up. Here, F s 
and F w represents actuation force in the proposed sensing scheme 
and in the traditional set-up respectively. 
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Figure 8: Comparison of component force profiles (Fi(x), F2(x) and 
Fs(x)) in the proposed droplet position sensing scheme and tradi- 
tional set-up. Here, subscript 's' and 'w' represents the proposed 
scheme and traditional set-up respectively. 



Actuation force in traditional covered set-up has also 
been simulated by using the same parameters value (out- 
lined in Table 1) in order to compare its force profile with 
the proposed scheme. Simulation has been carried out by 
modifying the total droplet energy (Eq.6) in order to ne- 
glect the effect of two extra capacitors of equal value (C c ) 
found in the proposed scheme. Modification in Eq. 6 has 
been carried out in Eq. 8 by referring electrical equivalent 
circuit of the traditional set-up as shown in Fig. 3. 
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Figure 9: Variation of output voltage Vo{x) with droplet position x 
during transport in the proposed scheme. Here V^ix), V^ 2 (x) and 
V^ 3 (x) represents V (x) profile when /3 = 39.5 X 10~ 3 , /3 = 1 X lO" 3 
and /3 = 1 X 10 — 6 respectively. 



Figure 10: Droplet actuation force (F s (x)) and its component force 
(Fi s (x), F2s(x) and_F3 s (x)) during transport in the proposed scheme 
with t c = 39.5fim (see Table 1) in order to linearise Vo(x) response. 



Comparison of the actuation force obtained in the pro- 
posed scheme F s (x) and traditional set-up F w (x) has been 
shown in Fig. 7. The force profile for F(x) in both the 
schemes are found to be similar. Moreover, profile of 
Fi(x), F2(x) and -^3(2;) are also similar in both the cases 
as shown in Fig 8. But magnitude of F2 W (x) is not as small 
as compared to i^s (x) found in the proposed scheme. Pro- 
file of F\ w (x) turns negative at earlier x in comparison to 
Fi s (x) as shown in Fig 8. Thus, profile of Fi w (x) and 
F2 W (x) are improved in the proposed scheme. Therefore, 
the proposed scheme is perfectly compatible for complete 
droplet transport and provides improved profile of individ- 
ual force component. 

Analysis of voltage variation of Vq (x) , with droplet posi- 
tion x, during transition has been carried out by simulating 
Eq. 9 with same value of the parameters (outlined in Table 
1). Fig. Oshows the output voltage profile at the terminal 
Vb(x) with droplet position x. It can be seen that output 
voltage at terminal Vq(x) is almost linearly proportional 
with droplet position x upto 1.4 mm and can be directly 
used for position sensing in this range (i.e x < 1.4 mm) 
without using any further signal conditioning circuit. 

In Eq. 9, <j(x) at the denominator is dependent on sys- 
tem parameters, and also responsible for the observed non- 
linearity found in Vq(x) as shown in Fig. 9. This nonlin- 
earity can be removed by making a(x) negligibly small. 
Hence, in order to linearize Vq(x), Eq. 9 can be rewritten 
as: 



Where, a(x) has been assumed to be zero. Plot of Vo(x) 
by simulating Eq. 10 has been shown in Fig. 9. The curve 
of Vo(x) is almost linear throughout the range of x (0 — L). 
In addition, Vq(x) in Eq. 10 has become independent of 



system parameters t ai k a , tb, kb, t c and k Cl making the 
sensing scheme insensitive to variation in these parame- 
ters with change in ambient condition and aging. The 
dependency of Vb (x) on amplitude of the voltage pulse V 
and radius of droplet r modifies only sensitivity and slope 
of profile respectively, but linearity remains unaffected. 

a(x) term can not be made absolutely equal to zero 
throughout the range of x (0 — L) by adjusting non dimen- 
sional parameter ft given in Eq. 9, but can be reduced to 
a value, so that an almost linear response can be obtained. 
It has been found that for j3 < 1 X 10~ 6 , the effect of <j(x) 
becomes insignificant in Eq. 9 and a linear response is ob- 
tained from Eq. 10. Adjusting system parameters t a , k a , 
tb, kb, t c and k c in order to get a (3 value of the order of 
10 -6 may be difficult from implementation point of view. 
But a linear Vq{x) response with droplet position x upto 
0.9L can easily be found, if f3 < 1 x 10 -3 (see Fig. 9). 

It is found that nonlinearity in Vq(x) for x > 1.4mm 
(Fig. 9), is due to low value of f3 (39.5 x 10~ 3 ) based on 
the parameter value outlined in Table 1. To linearise Vq(x) 
for x < 0.9L, value of f3 should be less than or equal to 
1 x 10~ 3 . The values of s± and S2 have been kept fixed as 
outlined in Table 1 to keep the force profile unchanged and 
a high value of S3 (i.e. low k c and high t c ) has been chosen 
because force is primarily dependent on s\ and S2 and not 
much influenced by S3. A 39.5 [im (t c ) thick film of Si02 
is required to achieve a j3 value of 1 x 10~ 3 which may be 
difficult if deposited by CVD (chemical vapour deposition) 
but can be successfully developed by sol-gel method [35] . 

Fig. 10 shows force profile of F s (x), Fi s (x), F2 S (x) and 
^3^(2;) on choosing t c to be 39.5 \xm. It can be noticed that 
profiles of F s (x\ F\ s {x) and F% s (x) are almost same and 
F2s(%) is now positive throughout the range of x. In ad- 
dition, magnitude of F2 S (x) (see small window in Fig. 10) 
has attenuated further. So, a change in S3 does not result 
a significant change in the force profile and the proposed 
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scheme perfectly compatible to induce droplet motion and 
facilitate a linear position sensing of droplet. 

6. Conclusion 

In this work, a droplet position detection scheme in 
elcctrowctting-on-diclcctric (EWOD) based devices has 
been proposed. Mathematical modelling of the proposed 
scheme for EWOD force F(x) and position sensing output 
voltage Vq(x) has been carried out based on energy min- 
imization approach. It is found that it provides a direct 
voltage output having almost linear relation with droplet 
position x with proper system parameter values. A non- 
linearity in the proposed scheme is observed at the end of 
the transition which can be overcome by adjusting system 
parameters. In addition, the actuation force profile in this 
scheme is positive as well as comparable to those found in 
traditional set-up throughout the transition length ensur- 
ing complete droplet transfer. This scheme is compatible 
with simultaneous multiple droplet position detection and 
also provides better isolation between actuation and sens- 
ing line. Fabrication of the proposed scheme requires an 
extra dielectric and metal layer in the bottom substrate 
compared to traditional set-up. Here it is important to 
note, that additional dielectric and metal layer in the bot- 
tom plate does not significantly changes driving electro- 
static force profile compared to traditional covered set-up. 
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